Cell polarization is required for directed cell migration. We investigated the role of the calcium-dependent protease calpain during neutrophil chemotaxis and found that calpain inhibition induced neutrophil adhesion, polarization, and rapid chemokinesis in the absence of exogenous activators. Resting neutrophils display constitutive calpain activity with -calpain being the predominant active isoform. Our findings suggest that constitutive calpain activity in resting neutrophils may function as a negative regulator of protrusion and migration. Specific inhibition of -calpain, but not m-calpain, induced neutrophil polarization and chemokinesis. In contrast to IL-8-induced chemokinesis, the chemokinesis induced by calpain inhibition was not reduced in the presence of pertussis toxin, suggesting that calpain functions downstream of G proteincoupled receptors. Further, both calpain inhibition and stimulation with IL-8 and formyl-Met-Leu-Phe (fMLP) induced an increase in Cdc42 and Rac activation. These findings are consistent with the involvement of calpain in chemotaxis pathways. Accordingly, calpain inhibition decreased neutrophil chemotaxis and directional persistence in a gradient of IL-8 and fMLP. Together, these data reveal a previously uncharacterized function for calpain in neutrophils and suggest that localized modulation of calpain activity may regulate neutrophil chemotaxis downstream of G-protein-coupled receptors. migration N eutrophils, key participants in the innate immune system, are the first responders to inflammatory stimuli such as bacterial infection or tissue injury. This rapid response is achieved by the detection of chemotactic gradients and the polarization and migration of neutrophils toward inflammatory mediators such as formyl-Met-Leu-Phe (fMLP) and IL-8. In the resting state, neutrophils are poorly adherent and exist in a spherical shape. A rapid change in cell morphology occurs in response to inflammatory stimuli such that neutrophils become polarized and migrate toward the inflammatory mediator. The mechanisms that regulate these changes in response to chemoattractants remain poorly understood.
Cell polarization is required for directed cell migration. We investigated the role of the calcium-dependent protease calpain during neutrophil chemotaxis and found that calpain inhibition induced neutrophil adhesion, polarization, and rapid chemokinesis in the absence of exogenous activators. Resting neutrophils display constitutive calpain activity with -calpain being the predominant active isoform. Our findings suggest that constitutive calpain activity in resting neutrophils may function as a negative regulator of protrusion and migration. Specific inhibition of -calpain, but not m-calpain, induced neutrophil polarization and chemokinesis. In contrast to IL-8-induced chemokinesis, the chemokinesis induced by calpain inhibition was not reduced in the presence of pertussis toxin, suggesting that calpain functions downstream of G proteincoupled receptors. Further, both calpain inhibition and stimulation with IL-8 and formyl-Met-Leu-Phe (fMLP) induced an increase in Cdc42 and Rac activation. These findings are consistent with the involvement of calpain in chemotaxis pathways. Accordingly, calpain inhibition decreased neutrophil chemotaxis and directional persistence in a gradient of IL-8 and fMLP. Together, these data reveal a previously uncharacterized function for calpain in neutrophils and suggest that localized modulation of calpain activity may regulate neutrophil chemotaxis downstream of G-protein-coupled receptors. migration N eutrophils, key participants in the innate immune system, are the first responders to inflammatory stimuli such as bacterial infection or tissue injury. This rapid response is achieved by the detection of chemotactic gradients and the polarization and migration of neutrophils toward inflammatory mediators such as formyl-Met-Leu-Phe (fMLP) and IL-8. In the resting state, neutrophils are poorly adherent and exist in a spherical shape. A rapid change in cell morphology occurs in response to inflammatory stimuli such that neutrophils become polarized and migrate toward the inflammatory mediator. The mechanisms that regulate these changes in response to chemoattractants remain poorly understood.
There has been recent progress in understanding how cells migrate directionally in a chemoattractant gradient. Although an even distribution of G protein-coupled chemoattractant receptors (GPCRs) has been found on the surface of cells during chemotaxis (1, 2) , recent studies have demonstrated that a gradient of chemoattractant can induce an asymmetry in the localization of phosphatidylinositol phosphate (PIP 3 ) with enhancement at the leading edge of migrating neutrophil-like HL-60 cells (3), implying that GPCR activation leads to localized changes in membrane organization and recruitment of signaling intermediates. Previous studies have demonstrated that calpain activity is regulated by polyphosphoinositides (4), raising the intriguing possibility that calpain is an essential signaling intermediate downstream of chemoattractant-induced membrane lipid reorganization. In this paper, we explored the role of the calcium-dependent cysteine protease calpain in the chemokinesis and chemotaxis of primary neutrophils.
Calpain has been implicated as a critical calcium-dependent regulator of the actin cytoskeleton and cell migration (5) (6) (7) . Previous studies have demonstrated that calpain plays a central role in fibroblast migration by regulating integrin-cytoskeletal interactions and cell detachment (5) . In all cell types examined to date, inhibition of calpain reduces cell migration rates and invasiveness. The mechanisms for these effects include roles in both cell detachment (5, 8) and cell spreading (6, 9, 10) . Calpain-deficient fibroblasts (Capn 4 Ϫ/Ϫ ) exhibit reduced migration rates, but also reveal a role for calpain in the regulation of cell protrusion (7) . Our findings support a role for calpain in regulating neutrophil polarization and directional migration to chemotactic stimuli. In contrast to all other cell types examined to date, calpain inhibition increases the migration of resting neutrophils. We found that inhibition of -calpain (calpain I) but not m-calpain (calpain II) promotes neutrophil polarization, spreading, and random migration. However, the random migration induced by calpain inhibition is associated with a decreased capacity for directional migration toward chemotactic stimuli.
Materials and Methods
Reagents and Cell Isolation. The calpain inhibitors, N-acetyl-LeuLeu-Nle-CHO (ALLN) and N-acetyl-Leu-Leu-methioninal (ALLM), were resuspended at 10 mg͞ml in 100% EtOH, and stocks were used within 48 h. PD150606 was resuspended in anhydrous DMSO and used within 30 days. Calpastatin peptide was used at 79 M. The cell-permeable cathepsin inhibitor I was resuspended in 100% EtOH and used at 200 M (11). The proteosome inhibitor, clasto-lactacystin ␤-lactone (12) , was used at 5 M. Purified porcine m-and -calpain and all above reagents were obtained from Calbiochem. Z-Leu-NVa-CONH-CH 2 -2-pyridyl (compound 73) and Z-Leu-Abu-CONH-(CH 2 ) 3 -4-morpholinyl (compound 42), specific inhibitors of -calpain and m-calpain, respectively, were the kind gift of J. Powers (Georgia Institute of Technology, Atlanta) and used at 75 M (13). Pertussis toxin (PTx) was obtained from List Biological Laboratories (Campbell, CA). Fibrinogen (Fbg), IL-8, and fMLP were from Sigma. The calpain indicator CMAC,t-BOC-LM (BOC; Molecular Probes) was used at 10 M. Primary human neutrophils were obtained from healthy donors with informed consent as described (14) .
Casein Gel. m-and -calpain activities were detected by casein zymography using described methods (7, 18) . Briefly, cells were collected and lysed (50 mM Hepes, pH 7.6͞150 mM NaCl͞1% Triton X-100͞5 mM EDTA͞10 mM 2-mercaptoethanol (2-ME)͞4 M PMSF͞0.05 trypsin inhibitory units (TIU)/ml aprotinin͞2 mM phenantroline͞2 mM vanadate͞phosphatase inhibitor mixture; Sigma). The samples were run on a nondenaturing polyacrylamide gel containing casein. Gel was incubated overnight in 25 mM Tris⅐HCL (pH 7.6) with 5 mM CaCl 2 and 10 mM 2-ME, fixed, and stained with Coomassie brilliant blue.
Video Microscopy. Neutrophils were pretreated for 20 min at 37°C in HyQ-CCM1 (CCM1; Hyclone) containing inhibitor or vehicle control. Samples were plated onto non-tissue culture-treated dishes coated with 2.5 g͞ml Fbg at 37°C for 30 min. IL-8 or fMLP were included for the last 5 min where indicated. Dishes were placed on a heated microscope stage with 10% CO 2 . Cells were imaged on an Olympus IX-70 inverted microscope (Olympus America, Melville, NY) using a ϫ20 objective. Images were collected by using a Hitachi (Tokyo) Denshi KP-M1U video camera and captured into SCION IMAGE V1.62C every 15 s for 20 min by using an LG3 frame grabber (Scion, Frederick, MD).
Calpain Activity Assay. To visualize calpain activity, neutrophils were preloaded for 20 min in CCM-1 containing treatment as above and 10 M CMAC,t-BOC-LM at 37°C. Fluorescence was quantified by using a FACSVantage SE (Becton Dickinson).
Chemotaxis Assay. Neutrophils were pretreated and plated as above. Chemoattractants were loaded into an Eppendorf Femptotip. A chemoattractant gradient was formed by slow release of the chemoattractant from the tip into the medium by using an Eppendorf FemptoJet microinjection system as described (3). Cells were viewed on a Nikon Eclipse TE300 inverted fluorescent microscope. Images were acquired with a Hamamatsu (Hamamatsu Photonics, Hamamatsu City, Japan) cooled charge-coupled device video camera using either a ϫ20 phase or a ϫ40 differential interference contrast microscopy objective and captured into METAMORPH V5.0 (Universal Imaging, Downingtown, PA).
Cell Tracking. Cell centroid positions were marked in SCION IMAGE, and cell movement was determined as a function of time in Microsoft EXCEL V8.0. The mean square displacement ͗d 2 (t)͘ was calculated as a function of time for each cell in the field. Means of at least three separate experiments with at least 36 cells per treatment were tracked (average number of cells tracked was 55). These data were then analyzed by using a persistent random walk model to calculate cell speed and directional persistence (19, 20) .
Directional Migration. Neutrophil migration by transwell was determined by using standard methods (21) . In brief, 3 m pore transwell filters (Costar) were coated with 2.5 g͞ml Fbg. Neutrophils were pretreated for 20 min in CCM-1 containing inhibitor or vehicle control as described. CCM-1 alone or CCM-1 containing 1.25 nM IL-8 was placed in the bottom chamber, and 4 ϫ 10 5 neutrophils were placed in the top chamber and incubated at 37°C and 10% CO 2 for 2 h. EDTA was then added to the top and bottom chambers. The number of neutrophils that migrated across the filter was determined and expressed relative to control.
Rho GTPase Activity Assays. Cdc42 and Rac activity assays were performed as described (14) . Neutrophils were incubated in CCM-1 containing vehicle or 50 g͞ml ALLN for 15 min. Cells were plated on 2.5 g͞ml Fbg for 10 min, and IL-8 or fMLP was added during the last 5 min when appropriate. The cells were lysed, and 300 g of lysate was affinity precipitated with a PAK binding domain-GST fusion protein that binds to the active, GTP-bound form of Rac and Cdc42. The affinity-precipitated products were run on an SDS͞PAGE gel, transferred to nitrocellulose, and blotted for Cdc42 or Rac.
Statistical Analyses. In all cases, a two-tailed, paired Student's t test was used to compare the treated sample to its control. A value of P Յ 0.05 was taken as significant.
Results

Calpain Inhibition Modulates Neutrophil Adhesion and Polarization.
To determine whether calpain modulates neutrophil adhesion and polarization, primary human neutrophils from healthy donors were pretreated with different cell-permeant calpain inhibitors in the absence of exogenous activators. Unstimulated neutrophils typically do not spread on Fbg and do not form a polarized morphology. Calpain inhibition, in the absence of exogenous stimulation, induced neutrophil spreading and polarization (Fig. 1) . Similar effects on morphology were obtained with three different compounds (A LLN, A LLM, and PD150606), as well as with calpastatin peptide, a biologically active peptide derived from the endogenous inhibitor of calpain activity, calpastatin. The changes in morphology did not occur in the presence of other protease inhibitors, including cathepsin inhibitor I or the proteosome inhibitor clasto-lactacystin ␤-lactone. Strikingly, using isoform-specific calpain inhibitors, this morphologic change was seen only after inhibition of -calpain but not m-calpain. Calpain inhibition also caused increased adhesion on 2.5 g͞ml Fbg (data not shown). The polar morphology and increased adhesion induced by calpain inhibitors was comparable to the effects observed in neutrophils treated with IL-8 and fMLP. Taken together, these data suggest that the calpain activity in resting neutrophils may function as a negative regulator of cell spreading and polarization.
Neutrophils Exhibit Constitutive Calpain Activity. We analyzed the relative activities of the calpain isoforms in neutrophils by casein zymography. As shown in Fig. 2A , the predominant active isoform in neutrophils is -calpain in contrast to mouse embryonic fibroblasts, which display primarily m-calpain activity (7). Further, to determine calpain activity levels in resting neutrophils, we performed flow cytometry of live cells by using CMAC,t-BOC-LM, a fluorescent indicator that on cleavage by calpain causes increased fluorescence (8, 22, 23) . In accordance with a previously published report (24), we found that calpain is constitutively active in resting neutrophils (Fig. 2B) . Calpain activity was down-regulated in the presence of the calpain inhibitors ALLN, ALLM, compound 73, and compound 42 in a dose-dependent manner (Fig. 2B and data not shown) . Further, by Western blot analysis, we found that resting neutrophils exhibit significant talin cleavage (data not shown). Together, the findings indicate that resting neutrophils exhibit basal levels of calpain activity that can be inhibited.
Calpain Inhibition Increased Neutrophil Migration Speeds. Neutrophil migration rates in the presence and absence of calpain inhibitors were examined to determine the effect of calpain inhibition on neutrophil motility (Fig. 3) . Unstimulated neutrophils pretreated with vehicle control remained poorly adherent with minimal migration (45.0 Ϯ 47 m͞hr). Pretreatment with calpain inhibitors increased cell migration rates dramatically (ALLN 515.3 Ϯ 62.6, ALLM 516.1 Ϯ 70.3, and calpastatin peptide 277.3 Ϯ 40.7 m͞hr). These speeds were comparable with chemokinetic responses of neutrophils to IL-8 (428.9 Ϯ 94.9 m͞hr) and fMLP (390.0 Ϯ 35.2 m͞hr). Further, this enhanced chemokinesis upon calpain inhibition was shown to be induced in a dose-dependent manner (Fig. 3C) . Treatment with cathepsin or proteosome inhibitors had no effect on neutrophil chemokinesis. In addition, transduction of a CID:HIV-TAT (CID-TAT) fusion protein also significantly enhanced neutrophil polarization and migration relative to cells transduced with a GFP-TAT control protein (362.2 Ϯ 113 and 95.9 Ϯ 39.1, respectively; Fig.   Fig. 2 . Neutrophils exhibit constitutive calpain activity and predominantly express -calpain activity. (A) m-and -calpain activities were detected by casein zymography (7, 18) . Samples included 2 g (1.02 units) of purified porcine -calpain, neutrophil lysates, mouse embryonic fibroblast lysates, and 2. 4). Interestingly, the -calpain-specific inhibitor compound 73 (576.7 Ϯ 70.9 m͞hr), but not the m-calpain specific inhibitor compound 42 (228.3 Ϯ 86.9 m͞hr) induced neutrophil polarization and chemokinesis. This finding suggests that -calpain is the isoform responsible for the chemokinetic effects seen in neutrophils. These data suggest that the high calpain activity constitutively present in resting neutrophils may suppress neutrophil adhesion and migration and act to maintain their unstimulated spherical phenotype.
Calpain Modulates Neutrophil Chemotaxis to IL-8.
To further characterize the role of calpain in the migration of neutrophils, we examined the effects of calpain inhibition on the random and directional migration of neutrophils by using a transwell assay. In agreement with the observed increase in cell speeds after calpain inhibition, pretreatment of neutrophils with ALLN or the -calpain-specific inhibitor, but not the m-calpain-specific inhibitor, increased the random migration of neutrophils across a 3-m pore filter coated with Fbg (Fig. 5) . The effect may be isoformspecific because no effect was seen with the m-calpain inhibitor. However, chemotactic migration to IL-8 was not enhanced in the presence of calpain inhibitors relative to control migration.
These findings suggest that directional migration to a chemoattractant may be disrupted after calpain inhibition.
To determine whether calpain modulates chemotactic migration, live imaging studies were performed to observe neutrophil chemotaxis in a gradient of IL-8 or fMLP. A gradient of chemoattractant was established by using a micropipette tip filled with IL-8 or fMLP as described (3) . Control neutrophils demonstrated a rapid chemotactic migration to IL-8 ( Fig. 6 Aa-Ad) or fMLP (data not shown). Chemotactic migration to the pipette tip was reduced after calpain inhibition with 50-150 g͞ml ALLN (Fig. 6 Be-Bh), 100-150 g͞ml ALLM, and 80 M PD150606 (data not shown). The effects on chemotaxis were reversible and dose dependent, requiring higher concentrations of inhibitor to disrupt chemotaxis than those required to induce chemokinesis. A minimum of 50 g͞ml ALLN was required to affect chemotaxis, with maximal reduction occurring at 150 g͞ml (data not shown). In contrast, a concentration of 50 ng͞ml ALLN was sufficient to enhance chemokinesis (Fig. 3C) . The average migration speed in the presence of calpain inhibitors was comparable to that of the control cells that migrated directionally to IL-8 (data not shown), but the cells failed to respond to the gradient of IL-8 and instead demonstrated a random chemokinetic migration pattern. Similar results were observed with fMLP (data not shown). Directional persistence, a measure of the time a cell migrates in one direction using a random walk model (20) , is decreased when calpain is inhibited in a chemotactic gradient (Fig. 6C) . Together, the findings suggest that optimal chemotactic migration toward IL-8 and fMLP requires calpain activity.
GPCR Signaling Is Not Required for the Effect of Calpain Inhibition on
Chemokinesis. To investigate the possibility that IL-8 receptor signaling modulates the activity of calpain, we examined the effects of PTx, the G-protein inhibitor, on neutrophil chemokinesis induced by calpain inhibition. Although IL-8-induced neutrophil migration was blocked by PTx, migration induced by calpain inhibition was not diminished by PTx (Fig. 7) . These findings suggest that GPCR are not required for the effects of calpain on chemokinesis and that calpain functions downstream of GPCR during chemokinetic migration.
Calpain Inhibition Increases Cdc42 and Rac Activities. To determine how calpain modulates neutrophil migration, we examined the effects of calpain inhibition on the activity of the Rho GTPases Cdc42 and Rac. Using a pull down assay, we found that both Cdc42 and Rac activities were low in resting neutrophils (Fig. 8 ).
On stimulation with IL-8 or fMLP, the activities of both GTPases were increased. Additionally, on inhibition of calpain activity with ALLN, the activities of both Cdc42 and Rac were also increased. These data suggest that the constitutive activity of calpain found in resting neutrophils may inhibit the activation of Cdc42 and Rac, thereby providing a global inhibitory signal that inhibits neutrophil protrusion and migration.
Discussion
Chemotactic migration involves both the sensing of chemoattractant gradients and the subsequent activation of signaling cascades that allow for directed migration (25) (26) (27) . Neutrophil chemotaxis and extravasation are important for effective inflammatory responses. The essential role of chemoattractants and the activation of seven-transmembrane GPCRs during the chemotactic migration of leukocytes have been clearly documented (28, 29) . However, the signaling mechanisms that regulate neutrophil chemotaxis remain elusive. Our data suggest that calpain regulates the directed migration of neutrophils along gradients of chemoattractant by regulating the activities of Cdc42 and Rac.
To our knowledge, there have been no previous demonstrations that calpain inhibition can enhance cell speed. In contrast to all other cell types examined to date, calpain inhibition promotes neutrophil polarization and migration. In fibroblasts, calpain inhibition limits migration rates by impairing cell detachment. The differential regulation of integrin at the rear of migrating fibroblasts and neutrophils may account for this discrepancy (30) . The primary fate of integrin at the rear of migrating fibroblasts is a severing of the link between integrin and the cytoskeleton, with integrin footprints remaining behind on the substratum as a cell migrates (31, 32) . Calpain inhibition in fibroblasts reduces the amount of integrin left behind on the substratum after detachment (5, 33) . In contrast, the majority of integrin is endocytosed and recycled at the rear of neutrophils (34, 35) . Accordingly, inhibition of calpain does not tether neutrophils or limit their migration speed. Further, because fibroblasts display higher levels of m-calpain and neutrophils have more -calpain, the possibility exists that these isoforms play distinct roles during cell migration.
Impaired cell spreading has been observed with many cell types in the presence of calpain inhibitors (6, 9, 10) . This result is also true for Capn4 Ϫ/Ϫ embryonic fibroblasts, which have reduced spreading on a fibronectin substratum (7). However, neutrophils display enhanced spreading after calpain inhibition. The differential effects on cell spreading and migration may reflect the context in which calpain is inhibited. Unlike fibroblasts, which express low baseline calpain activity, calpain is active in resting neutrophils. An optimum level of calpain activity may be required for cell spreading and migration, with decreased cell spreading observed at both high and low calpain activities, suggesting a biphasic relationship between calpain activity and maximum cell spreading and migration.
Our data suggest that calpain functions as a negative regulator of neutrophil polarization and migration in resting neutrophils. Treatment with calpain inhibitors or CID-TAT, but not inhibi- tors of other proteases, promotes pseudopod formation and rapid neutrophil chemokinesis in the absence of exogenous activators. These findings suggest that constitutive calpain activity in resting neutrophils may function to suppress neutrophil protrusion and spreading (Fig. 9) . Evidence supporting this finding is provided by our observation that resting neutrophils exhibit constitutive levels of -calpain activity. Previous work in fibroblasts shows that the chemokine interferon-inducible protein 10 down-regulates calpain activity (22) . It is possible that IL-8 also down-regulates calpain activity. Further evidence to support this possibility is the requirement of GPCR for IL-8-mediated chemokinesis but not for chemokinesis induced by calpain inhibition. Together, these findings suggest that IL-8 may affect neutrophil spreading and polarization by modulating the activity of calpain and that this modulation is likely to take place downstream of GPCRs.
A role for calpain in protrusion and leading edge formation has been suggested by recent investigations (7, 9) . In Capn4 Ϫ/Ϫ embryonic fibroblasts, the cells form prominent filopodia. However, a clear role for calpain in pseudopod formation and directed cell migration has not previously been reported. Our results clearly demonstrate that inhibition of calpain promotes pseudopod formation and cell polarization. Further, inhibition of calpain up-regulates the activities of the Rho GTPases Cdc42 and Rac. These findings suggest that calpain acts upstream of Rac and Cdc42 to inhibit their activity, thereby acting as a negative regulator of cell protrusion and migration by modulating the activities of Cdc42 and Rac (Fig. 9) .
Establishment of cell asymmetry is essential for polarized cell migration. In contrast to the effects observed with chemokinesis, calpain inhibition reduced chemotaxis and directional persistence to IL-8. The apparent discrepant effects of calpain inhibition on neutrophil chemokinesis and chemotaxis can be explained by postulating a role for calpain in mediating a negative regulatory pathway critical for optimum chemotaxis along a gradient of chemoattractant. Recent studies support a central role for the temporal and spatial regulation of positive and negative regulators of chemotaxis, including regulators of 3-phosphoinositides, phosphatidylinositol 3-kinase, and PTEN (36) (37) (38) (39) . It is intriguing to speculate that calpain activity is asymmetrically distributed in chemotaxing cells, with localized changes in activity required for efficient chemotaxis. Previous studies have demonstrated that calpain activity is enhanced by PIP 2 (4) , suggesting that calpain activity may be regulated by localized changes in lipid composition downstream of GPCRs. We hypothesize that calpain activity in neutrophils is regulated asymmetrically during chemotaxis as a result of GPCR signaling via polyphosphoinositides. Loss of PIP 2 at the leading edge in response to a gradient of chemoattractant may decrease calpain activity, whereas calpain activity at the cell's rear remains high. This asymmetric calpain activity may serve to direct chemotaxis by regulating protrusion events, allowing Cdc42 and Rac activation at the leading edge while preventing their activation at the rear.
